Muscular dystrophies (MDs) comprise a group of degenerative muscle disorders characterized by progressive muscle wasting and often premature death. The primary defect common to most MDs involves disruption of the dystrophin-glycoprotein complex (DGC).
Introduction
MD broadly encompasses a diverse group of genetic disorders that result in progressive muscle wasting and premature death (1) . The majority of genes identified in patients with MD appear to contribute to or affect the multi-protein sarcolemmal-spanning dystrophin-glycoprotein complex (DGC), which is critical for maintaining integrity of the membrane and the proper activity of signaling complexes and channels (2) . A disruption in the DGC is hypothesized to promote direct Ca 2+ influx and/or abnormal cytosolic Ca 2+ homeostasis, leading to increased vulnerability of myofibers to necrosis (3) . However, direct measurement of intracellular Ca 2+ concentration in dystrophic muscle has revealed conflicting results as to whether or not Ca 2+ is elevated at baseline (4) (5) (6) (7) (8) (9) . Despite the lack of consensus with direct physical measurements, numerous studies have demonstrated that increased cytosolic Ca 2+ activity can cause or enhance the dystrophic phenotype in muscle (10) (11) (12) . For example, overexpression of transient receptor potential canonical (TRPC3) in skeletal muscle, which facilitates Ca 2+ and Na + influx, directly induced the entire dystrophic phenotype without destabilizing the sarcolemma (10) . Similarly, blunting of select Ca 2+ -mediated disease processes can reduce the dystrophic phenotype of muscle in various mouse models of MD (10, 13, 14) .
In skeletal muscle, the sarcoplasmic reticulum Ca 2+ ATPase 1 (SERCA1) isoform is dominantly responsible for Ca 2+ reuptake into the sarcoplasmic reticulum (SR) during excitation contraction (EC) coupling (15) . Interestingly, a reduction in SERCA activity has been observed in dystrophic muscle (16) (17) (18) , which is likely responsible for aspects of defective Ca 2+ handling in MD, leading to greater cytoplasmic levels and cellular necrosis through calpain activation and mitochondrial permeability transition pore (MPTP) formation (3, 7, 12, 14) . Here we hypothesized that Ca 2+ is a finalcommon pathway for mediating cellular necrosis and end-stage disease across most of the MDs. Indeed, we show that SERCA1 overexpression in skeletal muscle dramatically attenuates manifestations of dystrophic disease in a Duchenne and limb-girdle model of MD in the mouse.
Results

Generation of SERCA1 Tg mice. Increased ryanodine receptor (RyR)
Ca 2+ leak and reduced SR Ca 2+ cycling are thought to contribute to MD pathogenesis (16, (18) (19) (20) . Moreover, diminished SERCA1 activity characteristic of dystrophic muscle should exacerbate a Ca 2+ overload problem associated with an unstable sarcolemma (3, 21, 22) . In an attempt to restore and enhance SERCA1 activity and SR Ca 2+ reuptake, we generated a series of Tg mice using the skeletal muscle-specific skeletal α-actin promoter to drive SERCA1. While 12 lines were generated and partially analyzed for protein expression and phenotypic effects, 1 line was selected for in-depth analysis. Western blotting from 1 line showed 2-to 4-fold overexpression of SERCA1 protein across the quadriceps, gastrocnemius, diaphragm, and soleus, while no expression was observed in the heart ( Figure 1A ). H&E-and Masson's trichrome-stained histological sections showed no pathological features in the muscles of SERCA1 Tg mice compared with non-Tg littermates, although fiber cross-sectional areas were slightly decreased ( Figure 1B) . Next, electrically evoked Ca 2+ transients were assessed in acutely isolated flexor digitorum brevis (FDB) fibers to determine whether SERCA1 overexpression promotes SR loading and enhanced Ca 2+ clearance. As predicted, peak Ca 2+ transient amplitudes were sig-nificantly increased and the time to decay of the Ca 2+ transient was reduced (Figure 1 , C, E, and F). Interestingly, the resting Ca 2+ ratio was also significantly decreased in FDB fibers isolated from SERCA1 Tg mice compared with non-Tg littermates ( Figure  1D ). Taken together, these results demonstrate that overexpression of SERCA1 in skeletal muscle enhances Ca 2+ clearance and cycling. However, expression levels of critical SR Ca 2+ handling proteins were not significantly changed by the SERCA1 transgene, as assessed by quantitative Western blotting (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI43844DS1).
SERCA1 overexpression ameliorates MD in δ-sarcoglycan null mice. To assess the potential beneficial effect of SERCA1 overexpression in the context of MD, we crossed the SERCA1 transgene into the δ-sarcoglycan null (Sgcd -/-) genetic background, the latter of which is a mouse model with fulminant dystrophic disease (23, 24) . The presence of the SERCA1 transgene resulted in a remarkable reduction in histopathology in Sgcd -/-mice at 6 weeks, 3 months, and 6 months of age, showing severe reductions in myofibers with centrally located nuclei and overall rates of fibrosis compared with Sgcd -/-only controls (Figure 2, A-F) . In addition, serum creatine kinase (CK) levels were significantly reduced in Sgcd -/-mice with the SERCA1 transgene compared with Sgcd -/-littermates (Figure 2H) . Associated with this improvement in histopathology, Sgcd -/-mice with the SERCA1 transgene showed a restoration in their ability to run on a treadmill comparable to WT control mice, while Sgcd -/-mice alone were severely compromised ( Figure  2G ). We also investigated whether sarcolemmal rupture rates and subsequent Evans blue dye (EBD) uptake were affected by the SERCA1 transgene in Sgcd -/-mice. Normally, muscle fibers from Sgcd -/-mice show uptake of EBD after systemic injection due to membrane breaks, which was observed in the quadriceps, gastrocnemius, tibialis anterior (TA), and diaphragm from control null mice only (Figure 2 , I and J). However, the presence of the SERCA1 transgene uniformly reduced total EBD uptake in Sgcd -/-mice by 3-to 5-fold ( Figure 2 , I and J). We interpret this reduction in EBD uptake with the SERCA1 transgene to result from enhanced Ca 2+ reuptake, which likely reduces membrane and mitochondrial reactive oxygen species generation that could secondarily diminish membrane stress and a presumed feed-forward mechanism of disease (see discussion). The soleus muscle was not differentially affected, presumably because it is a postural muscle that is always under tension/use ( Figure 2J ).
SERCA1 overexpression ameliorates MD in mdx mice. The mouse model of Duchenne MD with defective dystrophin expression results from the mdx mutation. This model, which corresponds to the most prevalent form of human MD, is typically less severe, and mice can live a near normal lifespan compared with Sgcd -/-mice, which manifest more severe disease with premature lethality (23, 24) . Here we crossed the SERCA1 transgene into the mdx genetic background, and similarly to what we observed in the Sgcd -/-background, both histological and biochemical markers of MD were dramatically diminished ( Figure 3A ). At both 6 weeks and 3 months of age, myofiber central nucleation was profoundly reduced in the quadriceps, diaphragm, and soleus ( Figure 3 , B and D). In fact, at 6 weeks of age, myofiber central nucleation was nearly extinguished in all 3 muscles analyzed ( Figure 3B ). While fibrosis typically only becomes prominent in older mdx mice, even the mild degree of tissue fibrosis that begins to develop at 6 weeks and 3 months of age was significantly reduced in skeletal muscle of SERCA1/mdx mice ( Figure 3 , C and E). Finally, serum CK levels at 3 months of age were also reduced by approximately 4-fold in SERCA1/mdx mice when compared with mdx mice ( Figure  3F ). These results further support the conclusion that enhanced SERCA1 expression can attenuate histopathology and biochemical features of MD in mouse models of disease.
SERCA1 overexpression ameliorates MD in TRPC3-overexpressing Tg mice. We demonstrated that skeletal muscle-specific overexpression of the ion channel TRPC3 was sufficient to induce skeletal muscle disease that was entirely consistent with MD (10). TRPC channels are thought to contribute to Ca 2+ influx in MD associated with destabilization of the sarcolemma. Indeed, overexpression of a dominant negative TRPC6 mutant protein in skeletal muscle blocked Ca 2+ leak activity of the sarcolemma and significantly reduced MD disease manifestations in mdx and Sgcd -/-mice (10). Here we intercrossed TRPC3-and SERCA1-overexpressing Tg mice to more directly examine the "Ca 2+ hypothesis," since the only disease-inducing effect associated with the TRPC3 transgene is Ca 2+ influx. As predicted, H&E staining of quadriceps and soleus muscle showed dramatically less tissue histopathology at 3 months of age in SERCA1/TRPC3 Tg mice compared with TRPC3 Tg mice ( Figure 4A ). For example, quantitation of centrally located myo- fibers showed significant reductions in SERCA1/TRPC3 Tg mice compared with TRPC3 Tg mice ( Figure 4B ). These results further support the hypothesis that SERCA1 overexpression is protective by augmenting SR Ca 2+ handling and counteracting the effect of increased membrane Ca 2+ leak in MD.
Enhanced SR Ca 2+ uptake in SERCA1-overexpressing mice. To further investigate the mechanism whereby SERCA1 overexpression can protect against MD, we directly measured SR Ca 2+ uptake in lysates from muscle of the relevant genotypes. As predicted, SR Ca 2+ uptake was approximately 2-fold higher in WT (Sgcd +/+ ) mice containing the SERCA1 transgene compared with mice without the SERCA1 transgene ( Figure 5 , A and C). Consistent with past observations in dystrophic myofibers/myotubes, maximal SR Ca 2+ uptake was significantly reduced in the Sgcd -/-mice compared with WT controls (Sgcd +/+ ) ( Figure 5C ). More importantly, SR Ca 2+ uptake in Sgcd -/-Tg mice was 3-fold greater than in Sgcd -/-mice and activity was restored to levels higher than even that in WT controls ( Figure 5 , B and C). The calculated EC 50 value (pCa) was not significantly different in any of the groups, suggesting that increased expression of SERCA1 did not change its affinity for Ca 2+ (data not shown). Collectively, these results indicate that SERCA1 overexpression dramatically enhances SR Ca 2+ reuptake capacity and corrects a deficit observed in Sgcd -/-myofibers.
SERCA1 overexpression restores EC-coupling defects observed in dystrophic myofibers.
Multiple studies have shown deficits in global EC-coupling in dystrophic muscle fibers (25) (26) (27) . These include a significant reduction in the peak amplitude of the Ca 2+ transient and diminished Ca 2+ reuptake into the SR. Here we investigated whether enhancing SR Ca 2+ uptake with SERCA1 overexpression could ameliorate the defects in global EC coupling observed in dystrophic myofibers. We assessed electrically evoked Ca 2+ transients in acutely isolated individual FDB fibers in Sgcd +/+ and Sgcd -/-mice with and without the SERCA1 transgene. Interestingly, the peak amplitude of the Ca 2+ transient was increased in WT (Sgcd +/+ ) myofibers with the SERCA1 transgene compared with WT alone (Figure 6 , A, B, and E). Consistent with results in the literature, the peak amplitude of the Ca 2+ transient was reduced in Sgcd -/-myofibers compared with WT fibers, but this decrease was prevented with the SERCA1 transgene ( Figure 6 , C-E). SR Ca 2+ load assessed with 4-chloro-m-cresol (4-CMC, to release SR Ca 2+ stores) was not significantly different between Sgcd -/-and WT myofibers ( Figure 6G ). However, the SERCA1 transgene did significantly elevate SR Ca 2+ load in WT myofibers above WT levels, but not in Sgcd -/-myofibers ( Figure 6G ). More importantly, the reuptake phase of the 4-CMC-induced Ca 2+ profile and the decay time of the Ca 2+ transient were each significantly prolonged in myofibers from Sgcd -/-mice, and this defect was corrected with the SERCA1 transgene ( Figure 6 , C, D, and F). Similarly, FDB myofibers from mdx mice also showed a reduction in the amplitude of the Ca 2+ transient and an increase in relaxation time, parameters that were again corrected by the SERCA1 transgene ( Figure 6 , H and I). Taken together, these results demonstrate that dystrophic myofibers have significant defects in SR Ca 2+ handling, which can be corrected by SERCA1 expression.
SERCA1 overexpression reverses mitochondrial swelling in dystrophic muscle. We recently demonstrated that mitochondria isolated from dystrophic skeletal muscle of Sgcd -/-mice are swollen at baseline and that this swelling can lead to myofiber necrosis (14) . Indeed, prevention of Ca 2+ -mediated mitochondrial swelling and myofiber necrosis by deletion of cyclophilin D or use of Debio-025 in mice (both of which inhibit MPTP) significantly reduced MD in Sgcd -/-and mdx mice (14) . Here we hypothesized that the SERCA1 transgene would reduce Ca 2+ overload and spare mitochondria from swelling and induction of myofiber necrosis. Mitochondrial swelling was measured in purified preparations in vitro after isolation from muscle; thereafter swelling/shrinking was assessed with exogenous Ca 2+ or PEG3350, respectively. As we have previously observed, mitochondria from Sgcd -/-muscle showed a significantly reduced capacity to swell upon Ca 2+ addition compared with Sgcd +/+ mitochondria given their already swollen state, although shrinkage was enhanced ( Figure 7 , A-C). As predicted, this swollen state of mitochondria from Sgcd -/-muscle was rescued by the SERCA1 Tg (Figure 7 , A-C). Ca 2+ overload in dystrophic skeletal muscle is associated with calpain activation, which can lead to myofiber degeneration and cellular necrosis (12) . We observed an increase in calpain enzymatic activity in muscle from Sgcd -/-mice, and importantly, this increase was significantly reduced by the presence of the SERCA1 transgene ( Figure 7D ). Collectively, these results again demonstrate that the SERCA1 transgene corrects Ca 2+ overload, which likely protects the myofibers from cell death by diminishing mitochondrial swelling and calpain activation, reducing myofiber necrosis.
SERCA2a gene therapy in Sgcd -/-mice mitigates dystrophic disease.
The results presented to this point suggest that SERCA overexpression could serve as a "universal" therapy for many diverse forms of MD that are associated with a Ca 2+ imbalance or a leaky plasma membrane. Hence, a gene therapeutic strategy to overexpress SERCA protein in dystrophic skeletal muscle could be an exciting new approach to consider to treat patients. Here we injected 3-day-old Sgcd -/-pups with adeno-associated virus 9-SERCA2a (AAV9-SERCA2a) in the left gastrocnemius or AAV9-GFP (control) in the right gastrocnemius with 10 10 viral particles each. The AAV9 serotype yields robust expression in muscle, and the SERCA2a protein functions very similarly to SERCA1. Mice were then harvested 6 weeks later for full histological assessment of muscle disease and expression of GFP. GFP expression was observed throughout the gastrocnemius of Sgcd -/-mice (greater than 90% of the fibers; data not shown), and tissue pathology was fulminant in the control injected muscle, as is typically observed (Figure 8A ). However, expression of SERCA2a by AAV-mediated gene therapy dramatically attenuated dystrophic disease in the injected gastrocnemius, showing 8-fold less central nucleation and preserved cellular architecture with little signs of necrosis ( Figure 8, A and B) . Thus, AAV-SERCA gene therapy is an exciting new avenue to potentially pursue for treating human dystrophic or myopathic diseases.
Discussion
Loss of sarcolemmal stability associated with mutations in genes comprising or affecting components of the DGC has been established as a key insult leading to the development of MD (22, 28, 29) . Dysregulated and enhanced Ca 2+ influx across an unstable sarcolemma has been proposed to directly program myofiber degeneration and produce disease (3, 21) . For example, elevated cytosolic Ca 2+ can enhance Ca 2+ -dependent protease activity (calpain) and mitochondrial Ca 2+ overload-induced cell death as well as increase reactive oxygen and nitrogen species to mediate myofiber death (3, 7, 11, 21, 30) . In support of this hypothesis, a number of groups have reported abnormally high levels of intracellular Ca 2+ in dystrophic myotubes and adult myofibers isolated from dystrophic muscle cells (4) (5) (6) . However, other groups failed to observe elevated free cytosolic Ca 2+ in similar muscle preparations (8, 9) . By comparison, studies focusing on cardiomyopathy in sarcoglycan-deficient animals are also consistent with the Ca 2+ hypothesis of disease, as the L-type Ca 2+ inhibitor verapamil reduced some aspects of heart disease in this mouse model, as did gene therapy with a dominant negative phospholamban protein (enhances SERCA2a function and Ca 2+ clearance) in a hamster model (31, 32) .
More recent evidence in genetically modified mouse models has further buttressed the Ca 2+ hypothesis of disease in MD. For example, overexpression of the Ca 2+ /Na + permeable TRPC3 channel in skeletal muscle of Tg mice produced all the histological and biochemical features of MD without membrane instability (10) . These mice exhibited enhanced store-operated calcium entry (SOCE) that is also observed in other models of MD due to mutations in DGC components (10) . Moreover, this same study also demonstrated that inhibition of endogenous TRPC channels with a dominant negative encoding TRPC6 transgene could significantly attenuate the dystrophic phenotype in 2 separate mouse models of MD (10). Iwata et al. also reported that inhibition of Ca 2+ influx via TRPV channels can mitigate the dystrophic phenotype (33) . These data support the hypothesis that enhanced Ca 2+ influx alone is sufficient to induce MD, either through membrane rupture events or activated channels. That the SERCA1 transgene dramatically attenuated dystrophic muscle disease in TRPC3 Tg mice not only basically proves that the effect is entirely Ca 2+ dependent, but also strongly suggests that enhanced SR Ca 2+ cycling and reuptake can directly counteract a membrane-leak effect in promoting myofiber degeneration.
Previous work performed in this laboratory demonstrated that increased cytosolic Ca 2+ can promote mitochondrial matrix Ca 2+ overload and necrotic cell death via MPTP opening events (14) . For example, inhibition of MPTP opening by genetic deletion of cyclophilin D or use of Debio-025 prevented cell death and reduced the muscular disease phenotype in Sgcd -/-, Lama2 -/-, and mdx mice (14) . Consistent with a Ca 2+ -driven pathway to MPTP opening and cell death, we observed that mitochondria isolated from SERCA1/ Sgcd -/-mice were protected from swelling that otherwise occurs in mitochondria isolated from Sgcd -/-muscle ( Figure 7, A-C) . In addition to activation of MPTP opening and calpain (12, 13) , dysregulated Ca 2+ entry can result in the generation of reactive oxygen and nitrogen species to further contribute to membrane instability and myofiber degeneration (34) (35) (36) . Enhanced removal of Ca 2+ with the SERCA1 transgene not only protected the mitochondria from swelling and reduced calpain activation, but also provided some degree of membrane protection as assayed by EBD uptake, suggesting that increased Ca 2+ influx generates a "feed-forward" disease process that further weakens the sarcolemma.
Overexpression of SERCA1-enhanced skeletal muscle EC coupling, such as a significant decrease in resting Ca 2+ levels, enhanced amplitude of the Ca 2+ transient and faster Ca 2+ clearance from the cytoplasm (Figure 1, D-F) . Interestingly, cardiac overexpression of SERCA1 also resulted in similar enhancement in cardiac function at baseline (37) . In dystrophic muscle, the kinetics of SR Ca 2+ handling are likely depressed, potentially due to reduced SERCA activity (16) (17) (18) 38) . Although, the mechanism of altered SERCA1 activity in MD is not currently known, we observed a 50% increase in sarcolipin mRNA in the quadriceps of Sgcd -/-mice (data not shown). Sarcolipin is a small SR membrane protein that inhibits SERCA1 activity. Indeed, Campanaro et al. also reported a similar increase in sarcolipin mRNA expression in muscle obtained from dysferlinopathy patients (39) .
It is also very interesting to note that muscles spared of disease in mdx mice, the laryngeal muscles, show significant overexpression of SERCA1 with disease (40) . More recently, in direct support of our study, AAV-SERCA1a gene transfer in mdx mice was shown to decrease centrally located nuclei in the diaphragm and to reduce eccentric contraction-induced damage (41) . This study was particularly interesting, as the beneficial effect of the viral therapy lasted out to 6 months of age, suggesting that such an approach could provide sustained protection in humans (41) . In our hands, direct injection of AAV9-SERCA2a in the gastrocnemius produced an astonishing protection from dystrophic disease in Sgcd -/-mice (Figure 8 ), again suggesting an entirely novel approach for gene therapy in humans with MD.
The experimental approaches discussed above suggested the hypothesis that enhanced Ca 2+ removal directly protects against MD. If Ca 2+ really is the "final common pathway" for myofiber necrosis downstream of most genetic mutations that induce MD, a universal therapy might easily involve approaches that augment cytosolic Ca 2+ clearance. Here we utilized SERCA1 overexpression to increase the rates of Ca 2+ reuptake into the SR to possibly reduce the effects associated with chronic Ca 2+ leak from activated channels and membrane ruptures. In heart failure, a similar defect in membrane stability and Ca 2+ handling has been observed and shown to underlie progressive cell death and worsening of disease (42, 43) . In this context, SERCA2 overexpression by transgenesis or gene therapeutic strategies, or disinhibition of endogenous SERCA2 by deletion of phospholamban, dramatically protected mice from heart failure. Indeed, results of a recent gene therapy trial in heart failure patients with AAV-SERCA2a was reported to be effective (44) . Thus, a gene therapeutic strategy with SERCA1/2 AAV might represent a "universal" approach to mitigate MD due to many types of gene mutations by correcting a final common defect in Ca 2+ handling that appears to underlie most forms of MD.
Methods
Animals.
A modified human skeletal α-actinin promoter (a gift from Edna C. Hardeman, University of Sydney, Sydney, Australia) was used to create Tg mice overexpressing the rat skeletal muscle isoform of SERCA1 (provided by Muthu Periasamy, The Ohio State University, Columbus, Ohio, USA). Twelve Tg lines were generated, out of which 2 lines were analyzed for experiments. Sgcd -/-and TRPC3 Tg mice were described previously (10, 24) . Use of animals in this study was approved by the IACUC at the Cincinnati Children's Hospital.
Mitochondrial isolation and swelling assay. Mitochondria from adult skeletal muscle hind limbs were isolated as described previously (45) . Briefly, mice were sacrificed and hind limb skeletal muscle was removed, minced, and placed in homogenization buffer supplemented with 1 mg/ml trypsin, stirred for 30 minutes at 4°C, and washed and homogenized in a glassteflon homogenizer. The muscle extract was then subjected to differential centrifugation to isolate mitochondria. Light scattering was measured using 250 μg of mitochondria suspended in 1 ml of buffer, and 200 μM CaCl2 or 5% PEG (w/v) was used to induce mitochondrial swelling and shrinking, respectively. Change in absorbance at 540 nm was recorded every 10 seconds for up to 10 minutes.
Western blotting. Muscles were isolated, and extracts were prepared by homogenization in lysis buffer containing 50 mM Tris, pH 7.4, 150 mM NaCl, and 1 mM EDTA. Extracts were centrifuged at 13,000 g for 10 minutes, and 5-25 μg of protein was separated on SDS-8% polyacrylamide gels for Western blotting and chemiluminescent detection (Amersham Bioscience). SERCA1 was detected using mouse monoclonal antibody (1:2500) from Affinity Bioreagents.
Histological analysis. Muscles were paraffin embedded, and 7-μM histological sections were cut at the center of the muscle and stained with either H&E or Masson's trichrome. Interstitial fibrotic regions were quantified using metamorph analysis of the percentage of blue area in Masson's trichrome sections.
Calpain activity assay. Calpain activity from quadriceps was assessed using a manufacturer-recommended protocol (Abcam). In brief, muscles were lysed in extraction buffer and spun at 20,817 g to generate supernatant for analysis. Then 250 μg of protein was incubated in calpain substrate for 1 hour at 37°C. Samples were read in triplicates in a plate reader equipped with a 400-nm excitation filter and 505-nm emission filter. Both positive and negative controls were performed as suggested by the manufacturer.
EBD uptake. Animals were placed in cages fitted with running wheels for 5 days of voluntary running (all mice ran equivalent rotations per day). On the fifth day, mice were injected with EBD (10 mg/ml, 0.1 ml/10 g body weight) and allowed to run for 48 additional hours. Mice were then sacrificed and quadriceps, TA, diaphragm, soleus, and gastrocnemius were embedded in OCT and snap frozen in liquid nitrogen for viewing as previously described (14) .
SR Ca 2+ uptake. Three-month-old mice were sacrificed, and the quadriceps were surgically removed and immediately homogenized in 50 mM KH2PO4 (pH 7.0), 10 mM NaF, 1 mM EDTA, 0.3 M sucrose, 0.3 mM phenylmethylsulfonylfluoride, and 0.5 mM dithiothreitol. Ca 45 uptake in muscle homogenates (0.1 mg/ml) was measured by a modification of the Millipore filtration technique as previously described (46) . The rates of Ca 2+ uptake were calculated by least-squares linear regression analysis at 30-, 60-, and 90-second values of Ca 2+ uptake. The data were analyzed by nonlinear regression using ORIGIN (version 6.0) software.
Measurement of Ca 2+ transients. FDB fibers were isolated as previously described (47) and equilibrated in normal Ringer solution (140 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, pH to 7.4) for approximately 15 minutes. Fibers were loaded with 5 μM Fura-2 AM by incubating at room temperature for 45 minutes. Ca 2+ transients were evoked via field stimulation using platinum electrodes at a stimulation frequency of 0.2 Hz. The peak of the electrically evoked Ca 2+ transient was recorded. The decay phase of the Ca 2+ transient was analyzed as a parameter of Ca 2+ reuptake from the cytosol. Fura 2-AM excitation ratio (340/380 nm) was recorded on a Nikon Ti-U inverted microscope equipped with a photomultiplier tube from Photon Technology Inc. Locally applied 500 μM 4-CMC bolus was used to assess RyRsensitive SR Ca 2+ load at the end of a train of electrically evoked Ca 2+ transients. The peak 4-CMC response was analyzed to determine SR Ca 2+ load.
Forced treadmill running. Three-month-old mice were placed in individual lanes of an electrically driven 4-lane treadmill (Omni-Pacer LC4/M; Columbus Instruments International) at the speed of 6 m/min for 3 minutes. The treadmill measured 19 inches wide by 20 inches in length, with a conveyortype belt for running lanes measuring 3 inches wide by 12 inches long. A training regimen was first instituted for 10 minutes to familiarize them with the environment and shock grids adjustable from 0-2.0 mA. The speed was increased in increments of 2 m/min every 3 minutes to a maximum speed of 18 m/min. Exhaustion was assessed as greater than 5 consecutive seconds on the shock grid without attempting to reengage the treadmill. Time spent on the treadmill before exhaustion or time to complete the protocol was recorded as average maximum time spent in exercise. The treadmill regimen was performed from the flat position (no incline or decline).
AAV9 production and injection. AAV9-CMV-GFP and AAV9-CMV-SERCA2a were produced using the 2-plasmid protocol and were grown in triple flasks for 24 hours (DMEM, 10% FBS) prior to adding the calcium phosphate precipitate (48) . After 72 hours, the virus was purified from benzonase-treated cell crude lysates over an iodixanol density gradient (OptiPrep; Greiner Bio-One Inc.), followed by heparin-agarose type I affinity chromatography (Sigma-Aldrich). Finally, viruses were concentrated and formulated into lactated Ringer's solution (Baxter Healthcare Corp.) using Vivaspin 20 Centrifugal concentrators 50K MWCO (Vivascience Inc.) and stored at -80°C. AAV9-SERCA2a and AAV9-GFP were injected into the left and right gastrocnemius, respectively, of 3-day-old Sgcd -/-mice, amounting to approximately 10 10 viral particles. Mice were sacrificed at 6 weeks and the gastrocnemius from both sides was processed, embedded, sectioned, and stained with H&E, or cryosections were generated for GFP fluorescence assessment.
Statistics. All results are presented as mean ± SEM. Statistical analysis was performed with unpaired 2-tailed t test (for 2 groups) and 1-way ANOVA with Bonferroni correction (for groups of 3 or more). P values less than 0.05 were considered significant.
